Abstract: We present updated NLO predictions for the electroweak t-channel production of heavy quarks at the Tevatron and at the LHC. We consider production of single top and fourth generation t ′ starting from both 2 → 2 and 2 → 3 Born processes. Predictions for tb ′ and t ′ b ′ cross sections at NLO are also given for the first time. A thorough study of the theoretical uncertainties coming from parton distribution functions, renormalisation and factorisation scale dependence and heavy quark masses is performed.
Introduction
The recent observation of electroweak production of single top at the Tevatron [1, 2] has opened a new exciting chapter in top physics. Many other properties of the heaviest of the known quarks are now accessible and will be studied over the coming years at both the Tevatron and the LHC. For instance, single top production has already provided the first direct measurement of V tb , i.e. without appealing to unitarity of the CKM matrix. 1 In fact a significant motivation to accurately measure cross sections and distributions for this final state is given by the search for new physics effects [4] . Flavor changing neutral currents, the existence of W ′± , H ± or of more general four-fermion interactions could be detected as anomalous production of single top. In addition, production of a heavier partner of the top or bottom quarks -associated with a fourth generation SU (2) L doublet or a vectorlike state -could be of phenomenological relevance [5, 6, 7, 8] when produced either in pairs [9, 10, 11] or singly [7, 3] . For instance, the presence of a fourth generation is not excluded by precision electroweak and flavor data [3, 12, 13, 14, 15, 16] , although direct searches at the Tevatron provide some lower bounds on the quark masses. The current 95% confidence level limits are [17] , with this limit on the b ′ mass corresponding to a charged current decay. In particular scenarios, where the masses are large and/or there is sizeable mixing with 3rd generation quarks, electroweak production at the LHC can in fact be larger than the usual strong pair production.
In a recent letter [18] we have reported on the first NLO calculation of single-top production in the t channel based on the 2 → 3 leading order process, where both heavy quark masses are kept finite ( Fig. 1(a) ). This extends previous NLO (QCD or EW) results which are based on the 2 → 2 leading order process [19, 20, 21, 22, 23, 24, 25, 26, 27] . A comparison of the two calculations allows a first study of their consistency across a broad kinematic range. In this work we perform a thorough analysis of the cross sections for single-top production, for both the 2 → 2 ( Fig. 1(b) ) and 2 → 3 based calculations, including scale dependence and PDF uncertainties, as described in Section 2. In Section 3 we present results as a function of the top mass, with values as high as 2 TeV in order to provide predictions for a t ′ . In Section 4 we present for the first time the corresponding t-channel cross sections for the production of a top quark in association with a b ′ and for a 4th generation doublet t ′ b ′ . In order to illustrate the sensitivity of this channel, we compare these with the NLO predictions for strong pair production. Finally, we conclude with a brief discussion of our results and perspectives for improvement.
Methodology
We perform a study similar to that of Ref. [28] for the case of tt production, presenting our results in the form
where σ central is our best prediction and ∆σ µ± and ∆σ PDF± quantify the uncertainties due to unknown higher orders and our incomplete knowledge of the non-perturbative PDFs, respectively. σ central is tabulated/plotted as a function of the heaviest quark mass, m t (′) or m b (′) . We always quote each source of uncertainty explicitly, except for the plots (Figures 2-8 ) where the total uncertainty band is the direct sum of the two. Our choice of parameters for the best prediction, and the prescription that we have used to evaluate the uncertainties, are specified below.
Best prediction
Our best prediction, σ central , is computed using a similar choice of renormalisation and factorisation scales to what was previously advocated in [18] . For the 2 → 3 calculation this corresponds to choosing separate scales on the light and heavy quark lines (µ l and µ h respectively), where µ l = (m t + m b )/2 and µ h = (m t + m b )/4. The 2 → 2 calculation uses a single overall scale, m t /2, and for both processes the renormalisation and factorisation scales are equal. For a heavy quark with a mass similar to that of the top quark we have shown in Ref. [18] that this is a judicious choice of scales. A similar scale choice is also suggested in other processes that feature initial-state gluon splitting into a heavy quark pair, such as gg → bbH [29, 30] . For much larger top quark masses we find similar conclusions, although even smaller scales for the heavy quark line might be preferred. However, for the sake of simplicity, we maintain the same choice since for very high quark masses the accuracy of our calculations will in any case be affected by potentially important threshold resummation effects [31, 32] .
We present results for two choices of PDF family, CTEQ6. 6 [33] and MSTW2008 [34]. Our central prediction for each of these choices corresponds to the best fit for each family. It is important to note that CTEQ and MSTW use different b masses in their fits (m b = 4.5 GeV and m b = 4.75 GeV respectively). For the results presented here we have used the value prescribed by the PDF set for their respective predictions. In Sec. 3.1 the uncertainty coming from the heavy quark masses is addressed. We note that, since these are 5-flavour PDF sets, we pass to the 4-flavor scheme necessary for a consistent calculation of the tb and t ′ b processes by including the counterterms of Ref. [35] . For tb ′ and t ′ b ′ we always use the pure 5-flavor PDFs.
Though mixings from the CKM matrix are fully included in our calculation, for simplicity we present results with the V ij relative to the third and possibly the fourth generation set to unity, i.e.,
Uncertainty from higher orders
The uncertainty from uncalculated higher orders in the perturbative expansion is estimated by varying the factorisation and the renormalisation scales µ F and µ R independently around the central scale choice, µ 0 . As discussed above, in the 2 → 3 calculation we have µ 0 = µ l for the light line and µ 0 = µ h for the heavy line, whereas the 2 → 2 calculation uses
The values of µ F and µ R that we range over are specified by,
In this way we ensure that none of the ratios, µ F /µ 0 , µ R /µ 0 and µ F /µ R , is outside the interval [ 1 2 , 2]. These ratios naturally appear as arguments of logarithms at NLO, so restricting them in this way is motivated by the requirement of good perturbative behaviour.
The uncertainties are then defined with respect to this set of variations as,
PDF uncertainty
We estimate the PDF uncertainty on our predictions by making use of the additional sets that are supplied by the CTEQ and MSTW collaborations for that purpose. There are 44 such sets for the CTEQ6. 6 [33] PDFs and 30 for the MSTW [34] ones, that are organized in pairs (which we call here set +i and set −i ). We follow the prescription of MSTW [34] and determine asymmetric uncertainties in the form,
where all cross sections are evaluated using our central scale choices and the usual (best fit) PDF set is labelled by set 0 . This procedure yields an uncertainty at approximately the 90% confidence level.
Single top and t ′ results
We present here the cross sections for single t and t ′ production, obtained from both the 2 → 2 and 2 → 3 calculations, as implemented in the Monte Carlo program MCFM [36, 22, 18] . We show results for Run II of the Tevatron and for two LHC energies, 10 TeV and 14 TeV. For single-top production we show results for a number of different values of the top mass around the current best determination [37] and for t ′ production we investigate quark masses as large as 2 TeV (at the LHC). The dependence on the bottom mass is addressed in a subsection dedicated to the best SM predictions, Sec. 3.1. As mentioned earlier, we remind the reader that in order to make a fair comparison between the 2 → 2 and 2 → 3 calculations, the bottom mass has to be consistent with the value assumed in the PDFs, i.e., m b = 4.5(4.75) GeV for the CTEQ6.6 (MSTW2008) PDFs. Here and in the rest of this paper, by 'quark masses' we mean the pole masses that are the input in the modified MS renormalisation scheme that we adopted in the calculation of the virtual contributions at NLO. The cross sections and uncertainties are collected in Appendix A in Tables 2  and 3 (Tevatron), Tables 4 and 5 (LHC, 10 TeV) and Tables 6 and 7 (LHC, 14 TeV). For each machine, the two tables correspond to our two choices of central PDF. Note that, at the LHC, the rates for production of a heavy top (or t ′ ) are different from those of its antiparticle and the two are thus studied separately. The CTEQ6.6 results for the sum of top (or t ′ ) and anti-top (ort ′ ) production are illustrated in Figures 2 (Tevatron), 3 (LHC, 10 TeV) and 4 (LHC, 14 TeV), where we also show the NLO rates for the corresponding strong pair production for comparison. Cross sections (fb) at the Tevatron Run II for the sum of top and anti-top quark production in the t channel, as a function of the top mass obtained with the CTEQ6.6 PDF set and V t (′) b = 1 in the 2 → 2 and 2 → 3 schemes. Bands are the total uncertainty (scale+PDF). In the lower plots, dashed is scale uncertainty, solid is scale + PDF. The corresponding data is collected in Table 2 .
A number of global features are evident from these results. Firstly, the central cross sections predicted by the 2 → 2 and 2 → 3 processes differ by 5% or less, both at the Tevatron and at the LHC, for masses around the top quark. At the Tevatron, the difference is well within the combined uncertainty from higher orders and PDFs, so we conclude that the two calculations are consistent. At the LHC (10 and 14 TeV) the consistency is marginal, in particular because the uncertainties from the PDFs are (almost) 100% correlated between the two approximations. We stress therefore that in a combined estimate of the total production cross section, the PDF errors should not be summed.
For larger masses, i.e. for t ′ production, the differences are much larger. For a mass of 1 TeV, the 2 → 2 prediction using the CTEQ6.6 PDF set is almost twice as large at the Tevatron and 20% bigger at the LHC. However for such large top masses it could well be that the logarithm that is implicitly resummed in the bottom quark distribution function might become relevant or that an even smaller scale choice should be used. Nevertheless we see that the differences between the two calculations can still be accounted for by their uncertainties (with the same PDF caveats as above) and at this stage it is difficult to establish which of the two calculations, the 2 → 2 or the 2 → 3 one, might be more accurate for the total cross section.
The uncertainty coming from higher orders is estimated to be much larger for the 2 → 3 process, particularly at the Tevatron. This is somewhat expected, since the perturbative series for this process begins at O(α s ) rather than the purely electroweak leading order of the 2 → 2 calculation. Our estimate ascribes uncertainties that are typically at the level of a few percent, except for the 2 → 3 calculation at the Tevatron where they range from Table 6 . about 10% for the top quark to as large as 30% for a 1 TeV t ′ .
Results from the two different PDF sets are generally in good agreement with one another at NLO. For the top quark, differences are at the level of a couple of percent or less in the 2 → 2 calculation, a few percent for the 2 → 3 process and are smaller at the LHC than at the Tevatron.
The uncertainty on the cross sections deriving from the PDFs is different between the Tevatron and the LHC. At the Tevatron the PDF uncertainty is particularly large, with the CTEQ6.6 set yielding approximately a 10% uncertainty for the top quark (slightly smaller for MSTW), whilst for a t ′ it can be considerably larger. This simply represents the limitations of current global PDF determinations, where the gluon distribution at large momentum fractions is not very well constrained by data. This explains not only the much larger percentage uncertainties, but also the greater difference between the CTEQ6.6 and MSTW predictions. For such large masses the cross sections presented here clearly have little phenomenological interest at the Tevatron.
At the LHC the PDF uncertainty on the 2 → 2 single top quark cross section is comparable to that coming from the unknown higher orders, whilst it is somewhat smaller for the 2 → 3 calculation. For single t ′ production the two sources of uncertainty are comparable in the 2 → 3 case, but the uncertainty from the PDFs clearly dominates for the 2 → 2 process.
Single top cross sections in the SM: bottom and top mass dependence
For the case of single top production in the Standard Model, whose cross section can be predicted quite accurately, it is important to investigate in detail its dependence on both heavy quark masses. In the following we discuss the bottom and top mass effects independently, having checked explicitly that this is a very good approximation.
To our knowledge the bottom quark mass dependence of the total single top cross section has never been addressed in detail. There are two different ways in which the bottom mass can enter the final results, i.e., through logarithmic and power correction terms. In the 2 → 3 calculation both effects explicitly depend on the pole mass parameter that is already present at LO in the matrix element (and in the phase space boundaries). In the 2 → 3 based computation it is therefore trivial to quantify the bottom mass dependence. On the other hand, disentangling the relative impact of the logarithmic terms from those that are power suppressed requires some analytical work. In the 2 → 2 calculation the situation is reversed. The two sources are separated from the start: the effect of the logarithms is resummed in the bottom PDF while the power-like terms at NLO come from the (subtracted) real correction diagrams qg → tbq ′ . The effect of the b mass from the latter source has already been studied, see for instance Ref. [38] , and found to be very small. We have checked that changing the bottom mass from ∼5 GeV to zero results in a difference below 0.5%. However the logarithmic corrections, which have so far been neglected, are quite sizeable. In the 2 → 2 calculation the logarithmic dependence on the bottom quark mass is "hidden" in the starting condition for the evolution of the b-PDF. To study its impact we have generated various sets of PDFs for different bottom masses in the range 4 GeV< m b <5 GeV, using the evolution code provided by the CTEQ collaboration. As a result we find that the 2 → 2 cross sections on average decrease by about 1.2%, 0.86%, 0.80% per 100 MeV increase of m b at the Tevatron, LHC at 10 TeV and 14 TeV, respectively. Such a dependence is fully reproduced by the 2 → 3 calculation which gives similar (corresponding) results, namely 1.0%, 0.83% and 0.76%. We conclude that the b mass dependence should be included as a source of uncertainty in the final predictions for the SM total cross sections.
As far as the top quark mass dependence is concerned, this can be studied easily in both the 2 → 2 and 2 → 3 calculations. Here we provide formulae that can be used to obtain the cross section and the corresponding uncertainties for any top quark mass in the range 164 GeV < m t < 180 GeV, to an accuracy better than 1%. We fit the mass dependence of the cross section using a quadric centered on σ 0 = σ(m t = 172 GeV),
where m t is measured in GeV. The (dimensionless) coefficients A and B for both the 2 → 2 and 2 → 3 processes are given in Table 1 . Table 1 : Parameters to interpolate the cross section (in fb for the Tevatron, pb for the LHC) and the corresponding uncertainties for top quark masses around the default value of σ 0 = σ(m t = 172 GeV).
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Production of a b ′ , together with either a top quark or an additional t ′ , can be computed at NLO accuracy starting from the 2 → 3 Standard Model single-top process. Since the final state contains two heavy particles, the expected rates are probably out of the reach of the sensitivity of the Tevatron and early LHC running. Therefore we present results for the 14 TeV LHC energy only, but explore a range of different t ′ and b ′ masses. For b ′t (andb ′ t) production the cross sections and their uncertainties are tabulated for both choices of PDF set in Tables 8 and 9 , collected in Appendix B. The two sources of uncertainty considered here are of a comparable size, leading to an overall accuracy running from a few percent for m b ′ = 200 GeV up to about 30% for the highest masses considered, once again due to the PDF uncertainty in that kinematic region. The cross sections for ′t plusb ′ t production as a function of m b ′ obtained with the CTEQ6.6 PDF set and V tb ′ = 1. Bands are the total uncertainty (scale+PDF).The corresponding data is collected in Table 8 . The corresponding data is collected in Table 10. the sum of b ′t andb ′ t production including uncertainties are also plotted in Figure 5 for the CTEQ6.6 PDF set. For comparison strong production of b ′ pairs is also shown. magnitude in a fourth generation would induce a shift in the ρ parameter incompatible with precision EW measurements [39] . However, as our purpose is to provide benchmark cross-sections useful for constructing new models we neglect such constraints here. For instance, introducing extra matter could compensate for these effects and/or the b ′ and t ′ might be higher representations of the SU (2) L symmetry group (with the only constraint being the one unit of charge between two quarks).
The cross sections and uncertainties in the five scenarios are also tabulated in the appendices, for the first three cases together in Tables 10 and 11 and for the latter two  together in Tables 12 and 13 , using the CTEQ6.6 and MSTW2008 PDF sets respectively. The CTEQ6.6 results for the first three scenarios are illustrated in Figure 6 as the sum of t ′b′ andt ′ b ′ production, where we also show the NLO rates for t ′t′ for comparison. The latter two scenarios are plotted in Figure 7 together with the NLO b ′b′ cross sections and uncertainties for comparison.
We conclude this section by briefly commenting on the symmetry properties of the results for the cross sections. CP invariance implies that simultaneously interchanging the t ′ and b ′ masses, together with the chirality of the W tb vertex from left-to right-handed, gives the same cross section. By performing either a C or P transformation individually, one can pass from the case with m t ′ − m b ′ = 200(500) GeV to the case with m b ′ − m t ′ = 200(500) GeV, and vice-versa. It is interesting to note that the above cases, while not related by a symmetry, lead to similar total rates. The differences arise from angular dependences in the matrix elements that are proportional to β, the velocity of the heavy quarks. Since these terms are integrated over the available phase space and they are themselves small for high heavy quark masses, they result in only minor differences. 
Conclusions
The recent discovery of single top production at the Tevatron opens the door to more extensive studies of this final state both there and at the LHC. In this paper we have presented an up-to-date and systematic study of both the cross sections that should be expected in this channel and their associated theoretical uncertainties. Cross sections have been computed at NLO accuracy in the strong coupling, starting from two Born approximations corresponding to 2 → 2 and 2 → 3 scattering processes. Our best predictions for t-channel single top cross sections in the 2 → 2 and 2 → 3 schemes, with m t = 172 ± 1.7 GeV, m b = 4.5 ± 0.2 GeV and computed using the CTEQ6.6 PDF set, are: 
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The first two uncertainties are computed according to the procedure outlined in Section 2 and we have used CTEQ6.6 in order to provide the most conservative predictions. These results are also depicted in the plots of Figure 8 . The third and fourth uncertainties are related to the top mass and bottom mass uncertainties, respectively. As the results in the two schemes are in substantial agreement and a priori provide equally accurate though different theoretical descriptions of the same process, one could try to combine them. We think that this is a legitimate approach (once correlations among the theoretical errors, scale and PDF, are taken into account), however, we prefer to present the predictions separately.
In addition, we have also presented cross sections for the production of a fourth generation b ′ , both in association with a top quark and with its partner t ′ . These cross sections set useful benchmarks for future searches, particularly at the LHC where very heavy quarks with sizeable mixing with third generation quarks or very large mass splittings would be preferentially produced from t-channel production rather than in pairs via the strong interaction.
Although the cross sections presented here embody the current state-of-the-art, a number of avenues for future refinement are evident. First, given the importance of threshold resummation in both the s-channel and pair production modes, the t-channel predictions here could be further improved by including such effects. This would be particularly important at the Tevatron and for high mass t ′ production at the LHC. Second, in the near future a calculation of the 2 → 2 process at NNLO should be feasible. With such a calculation one would be able to better assess the importance of higher order effects in the strong coupling as well as the resummation of collinear logarithms in the bottom quark PDF. This could help to confirm whether these logarithms are large enough that their resummation leads to an important effect, which does not appear to be the case given the reasonable agreement between the 2 → 2 and 2 → 3 NLO calculations presented here.
[32] N. Kidonakis Table 2 : NLO cross sections (fb) at the Tevatron Run II for top quark production in the t channel, as a function of the top mass obtained with the CTEQ6.6 PDF set and V t (′) b = 1. In the second (third) column the 2 → 2 (2 → 3) results are shown, where the first uncertainty comes from renormalisation and factorisation scales variation and the second from PDF errors. Numbers in parenthesis refer to the corresponding LO results. Cross sections for anti-top are the same and are not displayed. These results are plotted in Fig. 2 Table 4 : NLO cross sections (pb) at the LHC 10 TeV for top and anti-top quarks production, as a function of the top mass obtained with the CTEQ6.6 PDF set and V t (′) b = 1. In the second (third) column the 2 → 2 (2 → 3) results are shown, where the first uncertainty comes from renormalisation and factorisation scales variation and the second from PDF errors. Numbers in parenthesis refer to the corresponding LO results. These results are plotted in Fig. 3 where the scale and PDF uncertainties are combined linearly.
- Table 6 : NLO cross sections (pb) at the LHC 14 TeV for top and anti-top quarks production, as a function of the top mass obtained with the CTEQ6.6 PDF set and V t (′) b = 1. In the second (third) column the 2 → 2 (2 → 3) results are shown, where the first uncertainty comes from renormalisation and factorisation scales variation and the second from PDF errors. Numbers in parenthesis refer to the corresponding LO results. These results are plotted in Fig. 4 where the scale and PDF uncertainties are combined linearly.
- Table 8 : NLO cross sections (fb) at the LHC 14 TeV for b ′t andb ′ t as a function of m b ′ obtained with the CTEQ6.6 PDF set and V tb ′ = 1. The first uncertainty comes from renormalisation and factorisation scales variation and the second from PDF errors. Numbers in parenthesis refer to the corresponding LO results. These results are plotted in Fig. 5 
